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Staphylococcus aureus is a versatile pathogen that shows high levels of inter-strain genetic variabil-
ity and positive evolution in certain pathogenesis-related genes. Apart from gene content differ-
ences, variability in shared genes may affect pathogenicity. Studying such variability requires that
the common minimal genome (CMG) be identiﬁed. In this study, we have surveyed the CMG of S.
aureuswith respect to variability amongst orthologous family members, and determined that genes
involved in pathogenesis preferentially accumulate variations. A negative correlation between var-
iability of genes and their evolution was found, suggesting a preservation of host-speciﬁc function
while exhibiting sequence diversity. Variation in key pathogenesis genes in S. aureus might predis-
pose them to functional modulation, thereby playing an important role in evasion of host immunity.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Genome sequencing and analysis affords an opportunity to
study the fundamental properties and changes that distinguish
bacteria of different species or strains. In many bacteria, it has been
shown that strain speciﬁc gene content differences lead to patho-
genesis (Eschericia coli O157:H7 [1], Streptococcus spp. [2,3]), host
specialization (Salmonella enterica serovar Typhi [4]), drug resis-
tance (Staphylococcus aureus VRSA [5]), and modulation of host im-
mune responses (S. aureus D30 and 930918-3 [6]). In S. aureus,
availability of several genomes (14 human-speciﬁc strains and
one bovine pathogenic strain [7]) has enabled the study of genomic
variation, both at the gene level and at the nucleotide level.
To study the gene level variation in a given species, it is neces-
sary to identify a set of genes common to all strains [8]. This set,
known as the common minimal genome (CMG) or the core gen-
ome, deﬁnes the set of biological processes that are shared in all
strains of the species, and hence the species itself. On the other
hand, genes borne on mobile genetic elements like phages or trans-
posons constitute the variable genome. The variable genome of S.
aureus encodes genes for modulation of host immune responses
[9] and for certain phenomena such as nasal carriage. However,
major reported determinants of staphylococcal pathogenicity like
the accessory gene regulator (Agr), clumping factors (clfA and clfB)
and exotoxins are present in all S. aureus strains and thus are a partchemical Societies. Published by Eof the common minimal genome (CMG) suggesting a fundamental
role for these genes in pathogenicity.
Even though differences in gene content explain major differ-
ences observed between strains, simple nucleotide level events like
mutations, insertions, deletions, truncations and single nucleotide
polymorphisms also play an important role in deﬁning and modu-
lating pathogenicity. In the bovine pathogenic strain of S. aureus
ET3-S, the authors have shown positive evolution (dN/dS > 1) in
several key pathogenesis genes, and argue that these genes have
speciﬁcally evolved to adapt to a different host, the cow [7,10].
In other pathogens like E. coli [11], and Xylella fastidiosa [12], posi-
tive evolution of genes has been attributed to adaptation to host
type as well as enhancement in pathogenicity.
Positive evolution of genes has been measured using the Yang
and Neilson metric (dN/dS ratio) under the assumption that non-
synonymous changes would lead to differences in functionality.
It is worth noting that there can be high degree of variation that
does not manifest itself as a dN/dS ratio > 1. While positive evolu-
tion of genes and its effect on pathogenicity have been docu-
mented for several organisms including S. aureus, the role of gene
level variations that do not lead evolution of the species has been
neglected. In this study, we have termed this phenomenon varia-
tion in the absence of evolution while analyzing the effect of varia-
tions in the CMG of S. aureus on the pathogenicity of the
organism. We ﬁrst deﬁned the CMG of S. aureus based on all 14
completely sequenced human-speciﬁc strains available at the time
of this study, and demonstrated that variation and evolution are
not correlated in these strains. Interestingly, we determined that
pathogenesis-related genes in S. aureus preferentially accumulatedlsevier B.V. All rights reserved.
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some of which occur in key amino acid residues of host adhesion
molecules (clumping factors), drug transporters (QacC) and regula-
tory proteins (MarR family protein), likely affect their activity. We
hypothesize that such variation in pathogenesis-related genes en-
ables the pathogen to modulate infectivity in response to the host.2. Materials and methods
2.1. Sequences and functional annotations for protein families
All sequences were obtained from the NCBI sequence database
(ftp://ftp.ncbi.nih.gov/genomes/Bacteria). The strains used in this
study are N315 [13] (NC_002745), Mu50 (NC_002758), COL
(NC_002951), MRSA252 (NC_002952), MSSA476 (NC_002953),
MW2 (NC_003923), RF122 (NC_007622), USA300 (NC_007793),
NCTC8325 (NC_007795), JH1 (NC_009632), JH9 (NC_009487),
Mu3 (NC_009782) and USA300_TCH1516 (NC_010079). Available
annotations for each genome were used, in conjunction with the
clusters of orthologous groups (COG) classiﬁcation [14] and manual
curation for functional analysis. When multiple annotations were
present, the most descriptive annotation was manually chosen to
represent the function. It should be noted that COG does not have
a family speciﬁc for pathogenicity. Hence, annotations for genes in-
volved in pathogenicity were derived from published material for
each such gene.
2.2. Sequence analysis for orthology, evolution and variation in gene
families
We used bidirectional best hit BLAST (gapped Blast reference) to
identify orthologs [14]. Since we were searching for a common
group of orthologs in all the strains, the choice of a reference strain
was random. We used the ﬁrst sequenced strain N315 as a refer-
ence. All the genes in N315 that had orthologs in the other 13 hu-
man-speciﬁc strains were considered a part of the common
minimal genome (CMG). Protein sequences were obtained by
translation of gene sequences. Multiple alignments were per-
formed on each gene/protein family (containing 14 sequences
each) using CLUSTALW [15].
In order to study the evolution of genes, we used the PAML
package [16]. Conversion of protein alignments to DNA alignments
for use in PAML was performed using pal2nal [17]. These alignment
ﬁles were then used to calculate dN/dS ratio using the Nei–Gojo-
bori method [18]. Apart from calculating dN/dS ratio, we calculated
the fraction of gaps and mismatches from the CLUSTAL alignments.
The fraction was calculated as a ratio of number of gaps and mis-
matches in the alignments to the overall length of the alignment.
We used the TMHMM software [19] for calculating transmem-
brane regions in the proteins. For the set of genes with truncations,
we predicted functional domains by searching against PFam using
hmmpfam [20]. All predictions and alignments were parsed using
PERL scripts (Supplementary data).
2.3. Functional classiﬁcation of genes used in the study
We used the COG classiﬁcation system for this study [14]. The
COG system classiﬁes genes according to their function, in a hier-
archical manner. There are four major groups of COGs consisting
of a total of 25 speciﬁc sub-groups. The major groups are: (1) infor-
mation storage and processing, (2) cellular functions, (3) metabo-
lism, and (4) poorly characterized functions. Information storage
and processing (Inf) is comprised of genes involved in replication,
transcription and translation along with those for chromatin struc-
ture and RNA processing. Cellular functions (Cel in this study)encompass genes involved in cell division, membrane biosynthesis,
extracellular structures, signal transduction and protein process-
ing. The group metabolism (Met) includes genes involved in all
metabolic activities as well as genes that encode for metabolic
transporters. Finally, those genes with a generic assigned function
or no function at all were classiﬁed as poorly characterized (hypo-
thetical; Hyp in this study).
2.4. Gene groups used in this study
For each orthologous gene family, we calculated the fraction of
variation (Fv) as follows: Fv = Number of mismatches or gaps in
alignments/length of alignment. We chose the top 10% of genes
with variation (FvP 0.11) and named it the high-variability group.
In the high-variability group, we studied the effects of both trunca-
tions and insertion/deletion events on variability. To compare the
gene content of the high-variability group, we used a set of genes
with low variability (Fv 6 0.01).
2.5. Statistical analysis
We compared the distribution of COG families in each of the
groups outlined above, using the chi-square test and the Fisher
test. A P-value of 0.05 or less in the Fisher test was considered sig-
niﬁcant. We studied the correlation between dN/dS values and Fv
values using Pearson’s correlation coefﬁcient (PCC). For all these
tests, we used the R statistical package (www.r-project.org) (Tables
1 and 2).3. Results and discussions
The common minimal genome (CMG) of S. aureus was derived
from 14 human-speciﬁc strains and consisted of 1888 genes (Sup-
plementary data 1). The COG distribution of the CMG reveals a
large number of genes involved in metabolic activities, followed
by cellular functions and hypothetical genes, in that order
(Fig. 1). In this study, we analyzed the correlation between varia-
tion in the CMG and pathogenicity. In the following sections, we
compared and contrasted the groups of genes showing high vari-
ability with those that show little or no variability.
3.1. Pathogenesis-related genes contain high levels of variation
Positive evolution (dN/dS > 1) of pathogenesis-related genes has
been documented in bovine mastitis strains of S. aureus but not in
the human isolates. In fact, our analysis of the CMG revealed that
none of the known pathogenesis-related genes had a dN/dS value
of >1. However, we observed high levels of variability in many
genes in the CMG. A scatter plot of Fv values versus the dN/dS val-
ues revealed a slightly negative correlation (PCC = 0.2138) be-
tween these two values for a given gene and its protein (Fig. 2).
Such correlation provides evidence for variation of genes in the ab-
sence of positive evolution, reﬂecting conservation of function with
an altered/modulated activity for the gene product. In order to
characterize genes exhibiting high variability in the absence of po-
sitive evolution, we studied the top 10% of variable genes in the
CMG. The choice of top 10% was statistically signiﬁcant since the
Fv cut-off value (FvP 0.11) was higher than Q3 + 1.5IQR (the sum
of third Quartile and 1.5 times the inter quartile range) of the dis-
tribution (data not shown). Apart from the overall functional com-
position of genes in the high-variability group, we were also
interested in identifying the processes that generate the variations.
The high-variability group consisted of 189 genes (top 10% of the
CMG). A majority of them had truncations (117 genes) of which
in 23 genes, the truncation extended into the proteins’ predicted
Table 1
Distribution of COG groups in the CMG, LoVar set and set of proteins with transmembrane domains.
Gene group COG – info COG – cellular COG – metabolism COG – hypothetical Number of genes with COG
CMG 165 148 379 184 876
Low variance 58 47 103 43 251
Table shows the presence of various clusters of orthologous groups (COGs) in the genes analyzed. The COG categories are information processing and storage (replication,
transcription, translation, chromatin structure and RNA processing), cellular functions (cell cycle control, nuclear structure, defense, signal transduction, cell wall/membrane
biogenesis, cell motility, cytoskeleton, extracellular structures, protein trafﬁcking and post translational modiﬁcation), metabolism (including energy, carbohydrate, amino
acid, nucleotide, lipid, coenzyme, secondary metabolites and inorganic molecule metabolism and transportation), and poorly characterized COGs. The COG distribution of low
variability gene group is very similar to that of the CMG.
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genes. However, only two of these 23 genes (RbsU and MarR family
regulatory protein) were associated with pathogenicity.
There were 36 genes that had either an insertion or deletion and
variations that accounted for more than 11% of the alignmentTable 2
List of genes in InDel group with a reported link to pathogenesis.
S. No. Gene annotation Function
1 Staphylocoagulase precursor
2 Virulence protein EssC DU/TM
3 Superantigen-like protein
4 Superantigen-like protein
5 Superantigen-like protein
6 Superantigen-like protein
7 Fibrinogen-binding protein-related PUT
8 Leukocidin/hemolysin toxin subunit F
9 Leukocidin S subunit TM
10 SdrH protein TM
11 Accessory gene regulator B K/TM
12 Sigma factor sigB regulation protein K/
13 Drug resistance-involved transporter Q/MFS/TM
14 Drug transporter, putative PR/PUT/TM
15 Secretory antigen SsaA
16 Secretory antigen SsaA
17 EmrB/QacA family drug resistance transporter Q/TM
18 Bicyclomycin and teicoplanin resistance protein Q/TM
19 Immunoglobin binding protein
20 Gamma-hemolysin component B
21 MFS drug transporter protein Q/TM
22 Fibronectin binding protein precursor
23 Clumping factor B
24 LPXTG family protein M/TM
Table lists the genes in InDel group that are linked to pathogenesis. The function
column on the table provides the COG family (if available) and any additional
function along with the presence of transmembrane domains (TM) if applicable.
PUT indicates a putative gene and MFS is Major Facilitator Superfamily (involved in
drug transport). The codes D, K, P, Q, R and U represent COG sub-families that each
gene belongs to. A full description of COG can be found in relevant reference (main
text).
Fig. 1. Distribution of COG groups in the CMG of Staphylococcus aureus. Figure
depicts the COG composition of the 1888 genes of the CMG analyzed in this study.
The four major COG groups are Inf (information storage and processing), Cel
(cellular functions), Met (metabolic functions) and Hyp (hypothetical and poorly
characterized proteins and protein families). The Y-axis represents the percentage
that each COG group contributes to in the CMG. The largest group of genes was that
involved in metabolism, followed by cellular functions. There were also several
genes of generic or unknown (hypothetical) function.length. The insertions and deletions in each gene family were con-
tributed by different strains, eliminating the possibility of variation
from one outlier strain (data not shown). The composition of genes
with insertions and deletions were signiﬁcantly different from
those of the overall CMG composition. This sub-group also had a
high fraction of pathogenesis-associated genes. Notable examples
of pathogenesis-related genes included superantigen-like proteins
(exotoxins), accessory gene regulatory protein B (AgrB), clumping
factor A, and the virulence protein EssC. These genes are central
to staphylococcal pathogenicity and aid in establishing (superanti-
gen-like proteins and EssC) and regulating (AgrB) pathogenicity.
Even outside the high-variability group, insertions and dele-
tions in certain genes were apparently biologically signiﬁcant. Case
in point is the QacA gene, which is involved in resistance to decou-
plers (phenolics) used extensively in the hospital environment. In a
previous study, it has been shown that hospital acquired MRSA
have evolved strong resistance to decouplers by changes in the
Qac locus. In our study, insertion in this gene was observed in only
the hospital acquired MRSA strain (MRSA252), likely a factor in its
increased survival in the chosen environment (hospitals). In genes
of the high-variability group with a transmembrane domain, inser-
tions/deletions are present in functionally relevant regions. A sim-
ilar trend was observed in genes of the high-variability group that
had an insertion/deletion. Genes that had an insertion/deletion in
their active region (extracellular domain) were AgrB [21], EssC
[22], Leukocidin S [23], SdrH [24] and ClfB [25], all of which have
reported roles in pathogenesis. Another interesting protein that
had insertions/deletions was a LPXTG domain protein. This motif
is present in several surface-associated pathogenesis genes of thisFig. 2. Scatter plot of dN/dS versus Fv reveals presence of high variation without
positive evolution. Figure shows the scatter plot of dN/dS and Fv for genes in the
CMG. Panel A shows the scatter plot for gene sequence alignments and Panel B
shows the same for protein sequence alignments. The dotted lines represent the
cut-off for dN/dS (X-axis) and Fv (fraction of variability: Y-axis) values, respectively.
The cut-off value of 0.11 for Fv is equal to Q3 + (1.5IQR) for the distribution. dN/dS
value of 1.00 represents neutral evolution. The black spots represent bulk of the
genes that have a dN/dS and Fv below the respective cut-off values. The red spots
represent genes with low variance and positive evolution. Dark blue spots represent
the genes with high variance but showing negative evolution. The purple spots
show genes exhibiting high variation and a positive evolution rate. There was a
small negative correlation between evolution and variation (PCC = 0.2833), while
there was virtually no difference between the Fv for genes and proteins
(PCC = 0.9833). This ﬁgure shows the presence of variation in the absence of
positive evolution in the staphylococcal CMG.
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spite high levels of intra-family variation (within the orthologous
family for each gene), none of these genes exhibited a dN/dS > 1.
These examples reveal the accumulation of variations in pathogen-
esis genes in the absence of quantiﬁable positive evolution (dN/
dS < 1). These changes, while not changing the overall function of
the protein, may alter the activity by affecting and changing key
amino acid residues.
Of particular interest in the high-variability group were the
genes involved in nasal colonization. Clumping factors (clfA and
clfB) [28,29] and teichoic acid biosynthesis enzyme (tagX) [30] have
been shown to be responsible for nasal colonization of S. aureus in
humans and mice, respectively. High SNP content of these genes
may contribute to the high degree of variation in nasal colonization
observed across various strains. The clumping factors mediate cell
adherence (clfA) and nasal colonization (clfB). In both genes, varia-
tions are present throughout the reading frame with clfA being
more variant than clfB. Similarly, in TagX protein (involved in nasal
colonization), variations occur across the length of the protein and
are not restricted to any particular region or domain. These results
show that nucleotide level polymorphisms may play an important
role in modulating nasal colonization and carriage of S. aureus.
These results may also explain in part the lack uniform results in
the search for factors determining nasal carriage. Fig. 3 illustrates
the variation in several key genes involved in pathogenicity.
Summarily, 23 of 189 genes (12.3%) of the high-variability
group were directly implicated in pathogenesis. A comparison with
the low variability group (Fv 6 0.01) reveals that this is a signiﬁcant
fraction (the fraction of pathogenesis genes in low variability group
was 0.2%; one gene out of 501). This comparison strongly sug-
gests that pathogenesis genes in S. aureus preferentially accumu-
lated variations at both the nucleotide and protein levels. That
none of these genes evolved positively (for the pathogenesis genes,
dN/dS < 1) points towards a functional conservation despite high
variability. Some genes in the high variability have been already
used for sequence typing of S. aureus while others described in this
study might be suitable targets for novel typing methods. Our re-
sults highlight the importance of variation in the absence of posi-
tive evolution as an important survival strategy in the pathogen,
S. aureus.Fig. 3. Occurrence of polymorphism in key pathogenicity genes. Key pathogenesis
genes accumulate several changes along the gene length, without any preference
for any speciﬁc domain or region. Shown in this ﬁgure are four genes, clumping
factor A (ClfA), clumping factor B (ClfB), hemolysin B (Hlb), and the Agr system gene
(AgrB). The blue base line for each protein represents its invariant residues. The
number to the right of the blue line represents the size of the protein in amino acid
residues. The orange coded residues are variant, though strongly conserved for
function (for example, the family of hydrophobic amino acid residues ILVM). The
purple residues are weakly conserved residues and red loci represent variant
residues. These genes, while highly variant, did not evolve positively.Acknowledgment
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